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ANALYTICAL MCDELS FCH ROTOU TEST HODIJLE, STRl'T, AND 
BALANCE FRAME DYNAMI'lE IM THE 40- BY RO-FT YIND TUNNEL 

Wayne Johnnon* 

U.S. Army Air Mobilliy "FiD Laboratory 
Moffett Field, Calif or nia 

summary 

A mathematical model is deyeloped for the dynamics of a wind tunnel 
support system consisting of a balance frame, struts < anfl an aircraft or 
test module, Data are given for several rotor test modules in the Ames 
4o- by RO-ft wind tunnel# A model for ground resonance calculations 
is also described. 

XNTRODUOTICN 

The wind tunnel testing of helicopter rotors requires a consideration 
of the dynamic characteristics of the coupled rotor and wind tunnel 
support system. An aeroelastic analysis of a rotor in a wind tunnel is 
described in reference 1, Buch an analysis requires a mathematioal description 
of the wind tunnel balance, strut, and test module. This report documents 
a model developed for the dynamics of a wind tunnel support system, including 
data for particular rotor test modules in the Ames 40- by 80-ft wind 
tunnel. 

SUPPORT EQUATIONS OF MCTION : ’ : ; ^ 

The required description of the rotor support system takes the form 
of a set of linear, constant coefficient differential equations, excited 
by forces and moments at the rotor hub (and also possibly by fixed system 
control Inputs) , plus the rotor hub motion produced by the support degrees 
of freedom (see reference l). Let x be the vector of support degrees of 
freedom, and. v the vector of control inputs for the support ssystem. Let 

■ . S' , 
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^ Tie the linear and angular nhaft motion at the rotor huh, F the rotor 
forcen and moments acting on the huh, and g the vector of aerodynamic 
gust components. Follovdng the definitions of reference i, 
the components of ck , F, and g are? 


o< — 


L 


9 = 


<rt» 
* <ro 

h S9 

rok 


\ 2-Cm h, 

'r-Q> 


3 



The gust components are in a tunnel axis system (x aft, y right, and ?, up), 
while cx and F are in the shaft axis system (see reference l). These 


quantities are dimensionless -- g based on the rotor tip speed JT.B, the 
linear huh displacements based on the rotor radius H, and the huh forces 
and moments in rotor coefficient form. The general form considered for 
the rotor support equations of notion and the huh motion is thus s 


For use in the aeroelastic analysis of reference 1, these equations are 
made dimensionless, based on , and R, With F in rotor coefficient 

form it is also convenient to normalize the equations by dividing by (n/^)!^ 
(where W is the number of blades, and the characteristic inerti.a of the 
rotor blade). Note that the matrix a may always be obtained from the 
matrix c (reciprocity theorem). 


Normal Mode Description 

Consider a general normal mode description of the elastic wind tunnel 
support system. The displacement u(r,t) and rotation 6(r,t) at an 
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arbitrary point r are expanfled in Periec of orthogonal vibration no'^en, 
vjith the generalizeti coorfiinates <ij^(t)j 

u(r,t) ^ qj^(t; f^(r) 

&(r,t) ^ 

The rlifferential equations for the fle^p^ees of freedom qj^ are then 

n^(q; + 

where ir. the modal mat’s and the natural frequency; in the 

structural damning coefficient for the mode; and Q, is the generalised 

A ■** , 

force. The hub motion is obtained from the mode shapes \ and S at 
the rotor hub; 

=* ■= hkl 

where 



Here | and ^ are in the tunnel axis system, so Bg;^ is the rotation 
matrix to the shaft axes. The generalized forces due to the rotor hub 
forces and moments are; 

where 

• 

4 

4 

4 

Making these equations dimensionless as appropriate produces the required 
support equations of motion. 
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G rounfl ’^eaonance 


A Dimple model for ground resonance calculations is obtained by 
describing the support by lateral and longitudinal inplane flexibility with 
an arbitrary number of modes. Vertical, yav/, pitch, and roll motions of 
the hub are neglected , It io assumed that the measured hub impedance is available 
from shake tests. Then the equations of motion for the generalized coordinates 


% 


ares 


"k'ik Vk 


k“k^k 


where fj^ * H or Y for longitudinal and lateral modes respectively. The 
hub motion is 


^h long, mode a 

^h la-^modes \ 

The natural frequency generalized mass Mj^, and modal damping coefficient 

Gj^ may be obtained from the hub impedance. The matrices in the support 
equations of motion are thus 


^2 ' [' ‘(-1 “ [' \ 4 "^0 ' [' h s ] 

Where H* = 0* “ Cj^/(|NI^X 1/R^“) , and K* - and the 

hub motion matrices are zero except for the elements j 


\z “ “ik “ ^ 
* °2k “ 


longitudinal modes 
lateral modes 


Cantilever 'Jing 

A model for a wing attached to the wind tunnel with cantilever root 
restraint (no balance motions) is developed in reference 2 for proprotor 
dynamics calculations. The rotor is located on a pylon at the wing tip, 
with the rotor hub a distance h forward of the wing tip elastic axis. An 
arbitrary angle of the pylon with respect to the tunnel velocity is considered. 
The wing motion is described by three degrees of freedom? vertical bending, 
chordwise bending, and torsion. For further details of the model, ree ref. 2. 
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''JALAiJOa, SraiiT, AND MCDULS K(,DEL 

We Ehall now develop a {jeneraliKecl coordinate deccriptlon of a 
vfind tunnel nupport consisting of a Palance frame * struts, and an aircraft 
Porty or rotor test module. 'Ihe analysis will Use the free viPration Tnodes 
of the aircraft or module, coupled with a simple model for the Palance 
frame and strut system. The resulting equations in normal mode fonn are 




“A 


Here are the generalised coordinates for the complete s^fstem , Ihe matrix 
a (with rows ) may Pe oPtainod from the matrix c (with columns Cj^) always 


Balance ji'rame 

Consider a Palance frame supported Py a scale system. The Palance 
has a turntaPlG! the turntable yaw angle is defined positive to the 
right, ^ =■ 0 with the main struts forward and the tail strut afti The 
balance frame motion is desGriPed by the Six linear and angular rigid 
body degrees of freedom — x^, y^, z^, ^ 3^1 and *< 3 ^* The elastic 

deflections of the Palance frame are neglected. Thus the motion of an 
arbitrary point (x,y,z) relative to the Palance frame CG is given by 

AX = Xfe 4- ^ 

Av^ “ y, - ^ X 

AiL ^ -^rl} +■ ^ 

The Palance scale System is represented by springs to fixed ground i four 
lift scales two side scales (Kg) , and one drag scale (K|^)* The 

Palance system optlonal3.y has viscous dampers between the frame and ground — 
eight dampers at the corners of the Palance frame (fl working vertically, 4 
longitudinally, and 4 laterally). 
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Struts 


There are two main otruts and a tail strut. It is asr-umed that 
the main struts are cantilevered at the root (the "balance frame )i and 
‘pinned at the tips# The tail strut is pinned at the tipf pinned at the 
root longitudinally, and cantilevered at the root laterally, The inertia 
reaction of the struts is not considered (the strut mass is included in 
the "balance frame inertia). Only the spring restraint between the balance 
and module is considered latere, 1, longitudinal, and vertical for the 

main struts, and lateral and vertical for the tail strut. The strut 
deflection model is based on the motles of a uniform cantilever beam. 

The vertical stiffness of the strut is very high} it is only included 
as the simplest means of handling the vertical motion constraints# It 
should be noted that the assumption of pinned joints at the strut tips, 
and even cantiiever at the roots, is probably not very good (based on 
the stiffnesses required to match various experimental results). The 
physical system is of course more complex, perhaps so complex that even a 
sophisticated structural dynamics model such as NASTRAN will not improve 
correlation much* 

A prop test rig is also considered, for which only the two main 
struts are used. The module is cons trained, in pitch at the strut tips 
in that case. 

The strut tip displacement is given by the sum of the bending modes 
of a cantilever beam. Thus for the left main strut, the tip motion due 
to elastic bending is; 


Mil, ~ 

21 '\yv.si. ^ 

V» 


longitudinal 

ii 



lateral 


L 


vertical ' 



4- in') 

pitch 


where ^ is the strut length. These camponents are defined with respect to 
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axes yavfed with th© 'balance turntable* 'Jh© tip rleflectlon for the right 
main ctrut anh the tall ctrut (I'B) are ^eflnet^ nlnilarly (only 
Irateral anH yertiool fief lectio no for the tail rtruti ary^ the main Btrut 
pitch motion le only requirefS for the orop toot rig). The potential energier. 
of hennins ann extension of the ntrut are 

jj . . .t. I' €“< rt 

hencling ' " bemf XT 

n , , *•'* "i* K o ^ 

extension '* ext ^ % 

The mocles of a uniform cantilever beam gives 

n (^v 

i 3 * 0 hi 1,367 

B h, 7 Hi 

3 952.1 7.8^^ 

^1- 3^56. 10.99^ 

Nominaily the op:^'lng constants are >=i Sl/ X^ anc^ « Ek/X i in 

practice these parameters are evalsja ten by matching to the measured freiueneie 


Module 

The module motion is described by the normal modes of free vibration ,• 
the first six modes are the linear and angular rigid body degrees of freedom. 
The motion is defined with respect to the yawed axis system, with origin 
at the module CQ. The linear and angular motion of the point r - (x,y,z} 

is thus given by the module generalised coordinates qt|. as follows s 

•** " 

^'module ^ 



In particular, the rotor hub motion is given by 


4 ^ 

Hore ^ ami V are in ihe yawe«i axia aynteiiVi eo it is necessary to 
profimltipXy by the rotation jaatrix 

su o 

O «9! I 

to obtain the hub irtotion in the tunnei axis oyatert. 

Module/strut Connection 

I’he nyctem han aonstraints inponed by the conneations between the 
mocitiXe and strut tips. Specifically^ it is require^ that the strut tip 
notion (composeti of balance notion plus rtrut bending terins) eq,ual the 
module Motion at the connection points^ This constraint Is applied to 
the three linear deflections rit the main strut tips i >.nd to the lateral 
and vertical deflection at the tail strut tip. S'or the prop test rig, 
the pitch deflection constraints at the main strut tips replace the tail 
strut constraints. 

Degrees of Freedom 

The degrees of freedom of the system consist of the six balance 
rigid body motions, the six module rigid body motions, and module 
elastic modes. The strut de flee tic us do not ado degrees of freedom since 
the strut bending inertia is not considered. The constraint eq;uatio ns 
thus must be used to eliminate the strut def lectio ns from the set of 
eq_uatiQns, leaving tE+H^ equations to be solved for the coupled normal 
modes of the balance/s trut/module system. 

Energy and Go ns train ts 

The kinetic energy of the model described above is 

^ 1 ' -i' 'It ■ . 

~r 5= \ 





I'he potentiiLl fMrgy 

^ .1 

+ KjOyi 

+ (£ p-V‘v» + £:•(». v«st.) 

^ ^ t 'N 

-V Xrs C ^ “\tSu V 

^ I, *Nk 

■+ Kv C + '^TSa ) 

4 - £- ^Mn J 

The constrain, i ©q.yationB (at the strut tips) aret 

a; ' 

£ '\/»S L, + «»**' A»„sl - 4^'*' ^1*41. ~ ‘■' I"!* * ° 

. , 

&>4l. ,j -4- S^M' AXmsc =« 


/^$L "h 


mX "-4 ■ ,- , 


^ p4^ 4’ C> 



ana similarly for the right main strut ana the tail strut. 
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llnmilonr 

The) i’forontial Qqnat?:Dnr- c>f iiotSon -ifo 0ht’t.ittOel fron Lafr'arJf'o'n 
eQuatiofta inoludinij eonr.tmiiitrM fho wnr»tmint cfiuafciom aro «f thei 


j,(q| f . 0 for k « i . , .K 


^lith linofir con^tmintn (ar, 

7 iibs 
tr 

Thon the Lftgrange e(|iiatiorio 


‘n 


1 1 thoro equations nm ho written 
Q 

the sonntmlnto aro j 


a |T ^ ■ V 

'fhwris there are W+K equattono for tho negreea of froedon q^ and the fagrango 
msltlpllorn \% * *N’ote that tho niaos and st5 fffteaii mairloot arn rynnotrla^al 
with ynear constmlnte * 


% thio prooedure the equation^ dercriMng the halance, rtrat, 
and no ’ule dynanlc aynten nay he conftrueted j 


Solution 

t 

illininatlng the Lagrange nultlpliers and qonfitraint equations 
from the sy&teri gives a set of IS+K^ linear differential equations;, of 
the forn: 

+ A’^x + A.qX « -I 

Where is a '■Lnnping mtrix (balance dnnpers or aerodynanlG daitiping), 

and Ci is the generalised force vector (due to huh forces and nonentsf ari'’ 
perhaps contributions f rod aerodynamic gusts or supoort system control 
variahlos). 

The homogeneous, undamped equations are 

A^x + AqX “ 0 
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where Ag and Aq are real symmetric matrices. It follows that the eigenvalues 
are real and positivej and the eigenvectors real, let he the 
eigenvalues of Ap Aq» and 1 the modal matrix (columns are the eigenvectors). 
Then the modal coordinates for the coupled system are defined hy q T”^x; 
the natural frequencies of the modes are and the (diagonal) generalised 

mass matrix is 

The damping matrix is then 

f°kil 

(only the diagonal terms are usually important), Plnally, the huh motion in 
terms of the modal coordinates of the coupled system is» 


« T"ApT 




R r *■ 


so 


- R 


TM 


[ 






.1 


i 


^4 


K 


where tj^ is the appropriate column of the modal matrix T. This completes 
the description of the rotor support equations of motion and the huh motion 
in the required form. 


MTA FOR THE AMES 40- RY 80-FT WIND TUNNEL 

The foliovfing sections give the geometric, mass, and stiffness data 
for several rotor test modules and strut comhinatio ns in the Ames 40- hy 
80-ft wind tunnel. The geometry was measured directly. The inertia data 
were obtained from direct measurements and from NASTRAN calculations. The 
stiffnesses were ohtained hy matching the calculations with shake test 
results for the principal natural frequencies of the system. Experiment 
is the only reliahle source for modal damping values, because even for the 
balance dampers the modal damping is very sensitive to the details of the 
motion. The shake test data used was from references 3 to 5. 



Balance 


M « 53500 J?e 
« 525000 

ly 3^W000 kg-n^ 
X “ 810000 kg-m^ 

^OG “ ^ ~l 

2^q * 2*03 w J 

Kjj « 9000000 N/m 
9000000 N/m 
= 36000000 H/irt 

G,. ^ 150 

riainper 



7 ’elative to center turntable, drag 
link elevation? for yaw ^ 0. 




Position, m 

(relative center turntable, drag link elevation) 

X y . H ■ ■ . 

scale springs 




D 

3.086 

0 

0 

RS: 

2.553 

0 

0 

PB 

- 3.099 

0 

0 

HRL 

4.877 

- 5.153 

1.8 

RPL 

-4.877 

- 5.153 

1.8 

LRL . 

4.877 

5.153 

1,8 

LPL 

-4.877 

5.153 

1.8 

dampers 




long >SE 

-4.88 

- 3.05 

1.4 

SW; - 

-4,88 

3.05 

1.4 


4.88 

- 3.05 

i.4 


4.88 

3.05 

1.4 

].at S3 

-?.5l : 

- 5.15 

1 .4 

SW 

- 3.51 

5.15 

1.4 

NS 

3.20 

-5*15 

1.4 


3.20 

5 . 15 - 

1.4 
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Rotor Test Apparatus 


H “ 13^00 k£j 
® 2600 

Xy « 5 ^ 1-500 kg-m^ 

Xj 5 « 49500 kg-/" 

« ggoO kg-ia^ 

ta3.1 length - 4*5^1 9 
tread » 2.438 m 



long 

struts 

long struts, 
"bal. locked 

short 
s truts 

short struts, 
bal, locked 

strut height 

4.72 

4.72 

3.96 

3»96 m 


1120000 

830000 

550000 

45OGOO N/m 


1780000 

920000 

830000 

500000 N/m 

y 

V 

730000 

560000 

410000 

270000 K/m 

^Vert 

! 


6 X 

10^ H/m 




Position, m 
(relative module GG) 

^ .. 

a 

left main strut 

-1.503 -1.219 

-.15 

right main strut 

-1.503 1.219 

-.15 

tail strut 

3.01a 0 

-.15 

hub 

2.442 0 

1.679 
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PropellGr Test R Ik 

M “ 8600 kg 

- 14600 kg-m^ 

,r « 950 kg-m^ 

I - 14600 kg-m^ 

tree-d *= 2.436 m 
strut height ^ 6,0? m 



for turntable yav/ “ 0 



balance free 

balance locked 

«MS. 

310000 

310000 N/fn 


580000 

450000 N/m 

^vert 

6x 

: 10® N/m 



Position, m 
(relative module GG, 

X y 

- 0 ) 

z 

left main strut 

0 

-3.39 

0 

right main strut 

0 

' : -:*95 , .. 

0 

hub 

0 

3.20 

0 
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